and was situated at the headwaters and along the drainage basin of the main stem of the Rio Grande and many of its tributaries. Burn severity was moderate or high for 59 percent of the area within the burn perimeter ( fig. 1 ). The area burned is at risk of postwildfire erosion, such as that caused by debris flows and flash floods.
Debris flows have been documented after many fires in the western United States (Cannon and others, 2010) and can threaten lives, property, infrastructure, aquatic habitats, and water supplies. Wildfires can denude hillslopes of vegetation and change soil properties that affect watershed hydrology and sediment-transport processes. Even small postwildfire rainstorms can increase overland runoff that erodes soil, rock, ash, and vegetative debris from hillslopes (Cannon and others, 2008) . This increased runoff concentrates in stream channels and entrains sediment that can lead to the generation of destructive debris flows. Debris-flow hazards are most significant in the 3 years (yr) following wildfires (Susan Cannon, U.S. Geological Survey, written commun., 2010).
The purpose of this report, prepared in cooperation with Hinsdale County, Colorado, is to present a preliminary emergency assessment of the debris-flow hazards from basins burned by the 2013 West Fork Fire Complex. Estimates of the predicted probability of debris-flow occurrence and volume of debris along the drainage network throughout the entire area are provided, as well as estimates for drainage basins above 54 selected basin outlets in response to 3 design storms: (1) 2-year-recurrence, 1-hour duration rainfall, referred to as a 2-year storm (a 50-percent chance of occurrence in any given year); (2) 10-year-recurrence, 1-hour-duration rainfall, referred to as a 10-year storm (a 10-percent chance of occurrence in any given year); and (3) 25-year-recurrence, 1-hour-duration rainfall, referred to as a 25-year storm (a 4-percent chance of occurrence in any given year).
Methods Used To Estimate Debris-Flow Hazards
A set of empirical equations (models) documented in Cannon and others (2010) and derived from statistical evaluation of data collected from recently burned basins throughout the intermountain western United States were used to estimate the probability of debris-flow occurrence and volumes of debris flows along the drainage network and for 54 selected drainage basins of interest. The regression equation of debris-flow probability (eq. 1) is as follows:
where P is the probability of debris-flow occurrence in fractional form, and e x is the exponential function where e represents the mathematical constant 2.718. 
where %SG30 is the percentage of the drainage-basin area with slope equal to or greater than 30 percent; R is drainage-basin ruggedness: the change in drainage-basin elevation (meters) divided by the square root of the drainage-basin area (square meters) (Melton, 1965) ; %AB is the percentage of drainage-basin area burned at moderate to high severity; I is average storm intensity (calculated by dividing total storm rainfall [Perica and others, 2013] by the storm duration, in millimeters per hour); %C is clay content of the soil (percent); and LL is the liquid limit of the soil (percentage of soil moisture by weight), which is the water content at which a soil changes from plastic to liquid behavior (Das, 1983 ).
Cannon and others (2010) also developed an empirical model that can be used to estimate the volume of debris flow that would likely be produced from recently burned drainage basins:
where V is the debris-flow volume, including water, sediment, and debris (cubic meters); SG30 is the area of a drainage basin with slopes equal to or greater than 30 percent (square kilometers); AB is the drainage-basin area burned at moderate to high severity (square kilometers); T is the total storm rainfall (millimeters); and 0.3 is a bias-correction factor that changes the predicted estimate from a median to a mean value (Helsel and Hirsch, 2002) .
Values for both probability and volume were obtained along drainage networks using the continuous parameterization technique (Verdin and Greenlee, 2003; Verdin and Worstell, 2008) . With this technique, estimates of debris-flow probability and volume (Cannon and others, 2010) were obtained for every 10-meter (m) pixel along the drainage network (plates 1 and 2) as a function of conditions in the drainage basin at elevations higher than each 10-m pixel. The technique used here allows for a synoptic view of conditions throughout the entire study area, which can be used to identify specific 10-m cells or stream reaches that might be vulnerable to debris flows; the technique also aids in locating sites for installation of precipitation and streamgages and in identifying potential erosionmitigation sites.
The base layer upon which the continuous-parameterization layers are built is the 1/3-arc-second National Elevation Dataset (Gesch and others, 2002) . This digital elevation model (DEM) was projected into a Colorado-appropriate projection system (UTM, Zone 13) and processed using standard DEMconditioning tools in ArcGIS (ESRI, 2009) . Once the overland flow structure was derived using the DEM (in the form of a flow-direction matrix), the independent variables driving the probability and volume equations were evaluated for every grid cell within the extent of the DEM using the continuousparameterization approach.
The independent variables necessary for evaluation of the probability and volume equations are of four types:
1. Topographic variables: The slope variables (%SG30, eq. 2 and SG30, eq. 3) along with the ruggedness (R, eq. 2) were all derived from the 1/3-arc-second DEM (Gesch and others, 2002) using standard geographic information system (GIS) processing techniques; 2. Soil variables: Two soil variables are used in the probability equation (eqs. 1 and 2). Both the percent clay and liquid limit of the soil were taken from the State Soil Geographic (STATSGO) database (National Soil Survey Center, 1991); 3. Burned area variables: The final burn severity dataset was obtained in the form of a shapefile from the Rio Grande Watershed Emergency Action Coordination team (RWEACT). Polygons within this dataset with a CLASS attribute of "High Burned" or "Moderate Burned" were selected to produce the mask of areas burned at moderate to high severity. This mask was used to create the required burn variables (%AB, eq. 2 and AB, eq 3); 4. Precipitation variables: Three storm events were modeled: (a) 2-year-recurrence, 1-hour duration rainfall, referred to as a 2-year storm (a 50-percent chance of occurrence in any given year); (b) 10-year-recurrence, 1-hour-duration rainfall, referred to as a 10-year storm (a 10-percent chance of occurrence in any given year); and (c) 25-year-recurrence, 1-hour-duration rainfall, referred to as a 25-year storm (a 4-percent chance of occurrence in any given year). These design events were defined using NOAA Atlas 14 (Perica and others, 2013) and its associated Precipitation Frequency (PF) Data Server. The PF Data Server allows users to download the spatially varying precipitation frequency estimates for entire states. Using these digital data allows the design storms to vary spatially, reflecting the orographic effects of the mountainous terrain and the natural variation in precipitation across the large burn area. The extremes of the design storms are (1) 2-year storm precipitation ranging from 14 to 24 millimeters (mm) across the burn area with an average precipitation of 19 mm; (2) 10-year storm ranging from 21 to 34 mm across the burn area with an average precipitation of 29 mm; and (3) 25-year storm ranging from 27 to 45 mm across the burn area with an average precipitation of 35 mm. The higher precipitation values correspond to orographic highs with the lower precipitation values occurring along the Rio Grande valley.
Once the surfaces of the independent variables were developed, the probability and volume equations were solved using map algebra for each grid cell along the drainage network, thus deriving the probability and volume surfaces.
Debris-flow hazards along a stream channel and at the pour point of a selected basin also can be represented by a combined relative debris-flow hazard ranking that is based on a combination of both probability of occurrence and volume (Cannon and others, 2010) . For this assessment, the estimated values of debris-flow probability and volume were categorized into five ranked classes (following the class break-out shown on plates 1 and 2), and these class ranks were averaged to calculate the combined probability and volume relative hazard ranking (plate 3). This combined hazard ranking identifies a possible range of response from drainage basins considering both the probability of occurrence of a debris flow and the predicted volume should a debris flow occur (Cannon and others, 2010) . For example, the most hazardous drainage basins will have both the highest probabilities of occurrence and the largest estimated volumes of material. Slightly less hazardous would be drainage basins modeled with a combination of either low probabilities and larger volume estimates or high probabilities and smaller volume estimates. Since five ranked classes were used, the maximum possible combined hazard ranking is 5. This would occur if both the probability and volume values fell into the highest category (probability in excess of 60 percent and volume in excess of 100,000 cubic meters [m 3 ]) or one of the probability and volume were in the maximum category and the other was in the second to the highest category (for an averaged value of 4.5, which is rounded to 5 for this report).
Following calculation of debris-flow probabilities, volumes, and combined relative debris-flow hazard rankings continuously along the drainage networks, the 54 basins of interest were delineated and numbered to aid in discussion of model results. These delineated drainage basins were selected to meet two criteria which were used in the original development of the probability and volume equations: (1) the size of the contributing area and (2) the size of the area burned at moderate to high severity upstream from the pour point was within the range of the data used in the development of the probability and volumes equations (0.01 to ≈30 square kilometer (km 2 ) for contributing area and 0.01 to ≈15 km 2 for moderate/high burned area) (Joe Gartner, U.S. Geological Survey, written commun., 2013). Debris-flow probabilities and volumes were extracted from the probability and volume surface for these locations and combined hazard rankings developed. These values are shown in plates 1, 2, and 3 and are summarized in table 1. Probability, volume, or combined hazard ranking for the numbered drainage basins represents the value at the basin outlet. Probability or hazard ranking may be higher or lower and volume rankings may be smaller for subbasins or points within the delineated drainage basins, as indicated by the stream segment analysis within the drainage basins.
Probability, Volume, and Combined Hazard Ranking of Potential Debris Flows
In response to the 2-year storm, one basin affected by the burn (basin 46; plate 1, table 1) was identified as having a probability of debris-flow occurrence greater than or equal to 60 percent, and an additional three basins (19, 21, and 47) had probabilities between 30 and 45 percent. All four of these basins are small, ranging in size from 0.3 km 2 to 1.9 km 2 . Estimated volumes of debris flows for these four basins ranged from 2,400 to 12,000 cubic meters (m 3 ). One of these basins (46), a tributary to West Fork San Juan River, has a combined hazard ranking of 4 (the second highest modeled hazard ranking) while the remaining basins (19, 21, and 47) have combined hazard rankings of 2 or 3.
The 10-year storm resulted in the same basin (46; plate 1, table 1) with a probability of debris flow in excess of 60 percent, corresponding volume estimate of 11,000 m3, and combined hazard ranking of 4. Seven additional basins (16, 19, 21, 34, 39, 47 , and 53) had probabilities of debris flow between 30 and 59 percent. These seven basins were modeled as producing volumes from 2,900 to greater than 100,000 m3. Two of these eight basins (Decker Creek [39] and a tributary to the West Fork San Juan River [46]) had combined hazard rankings of 4 while the other five basins had a combined hazard ranking of 3.
The 25-year storm shows additional basins with higher probabilities of debris flows than would result from the 2-year and 10-year storms (plate 1, table 1). Higher debris-flow volumes also are likely to be produced in response to this storm. Four basins (two tributaries to Trout Creek [19 and 21] and two tributaries to West Fork San Juan [46 and 47]) show a probability of debris flow in excess of 60 percent. An additional 8 basins (7, 15, 16, 32, 34, 39, 41, and 53) have probabilities between 30 and 59 percent. These 8 basins were modeled as producing volumes from 8,700 to greater than 100,000 m 3 . For the 25-year storm, only 10 out of the 54 basins of interest are modeled as expected to produce debris-flow volumes less than about 10,000 m 3 . One basin (Decker Creek [39] ) is modeled as having the maximum combined hazard ranking of 5. This basin has a modeled probability of 45 percent and an expected volume greater than 100,000 m 3 . An additional nine basins (17, 18, 19, 33, 41, 44, 46, 47, and 48) are modeled as having a combined hazard ranking of 4. These nine basins have probabilities from 16 to 83 percent in response to the 25-year storm and corresponding volumes from 12,000 m 3 to greater than 100,000 m 3 . Six of these nine basins (17, 18, 33, 41, 44, and 48) had modeled volumes in excess of 100,000 m 3 . The only basin with a combined hazard ranking of 5 is Decker Creek (39), which drains to the eastern edge of the burn and contributes flow to a small reservoir on the eastern edge of the burn. This basin, with a modeled probability in response to the 25-year storm of 45 percent and a modeled volume of greater than 100,000 m 3 could contribute large volumes of material to the small reservoir in the event of a debris flow. Of the basins with a combined hazard rankings of 4 in response to the 25-year storm, three (East Trout Creek [17] , West Trout Creek [18] , and Trout Creek tributary 1 [19] ) are located in headwaters of Trout Creek, a tributary to the Rio Grande. Four others (44, 46, 47, and 48 ) are tributaries to the West Fork San Juan River. Leopard Creek (33) draining north out of the burned area and Hope Creek (41) draining east to a county road near U.S. Highway 160 also have combined hazard ranking of 4. Decker Creek (39) and Hope Creek (41), along with basin 40 (Lake Fork, combined hazard ranking of 3) could contribute debris flows which could impact U.S. Highway 160 on the eastern edge of the West Fork wildfire burn area (plate 3). Additionally, even small debris flows that affect structures and reservoirs at the basin outlets could cause damage.
Postwildfire Field Visit and Prewildfire Aerial Photography
A field visit to the area of the West Fork Fire Complex burn area on September 4, 2013, and inspection of prewildfire aerial photography indicated that debris flows, floods, or both, have produced debris-flow and alluvial fans in and adjacent to the burn area ( figs. 2-19) . Locations for each photograph in figures 2 through 19 are shown on figure 1. Whether these debris-flow or alluvial fans are caused or enhanced by increased runoff because of wildfires is unknown and beyond the scope of this report. However, the presence of these features throughout the area burned by the West Fork Fire Complex suggest that the region is at least minimally susceptible to potentially hazardous flooding or debris flows.
Caution may be necessary in or near the burn area during storms or high snowmelt regardless of the predicted debris-flow probability estimates in this report. The empirical models used in this report were constructed with variables important to debris-flow prediction only and are not designed to predict floods. Burn areas commonly produce floods during snowmelt and rainstorms that have hyperconcentrated sediment concentrations, which can be as damaging as debris flows, and may be more likely to travel to the mouth of large drainage basins than debris flows.
Areas where field reconnaissance was not possible were evaluated using prewildfire aerial photography and are shown in figures 2-5 and identified on figure 1. Figure 2 shows fan structures at the mouth of both Squaw and Little Squaw Creeks at the Rio Grande. Figure 3 shows a reach of upper Trout Creek and basin 19 and sediment erosion areas, which has an estimated debris-flow probability of 64 percent and debris-flow volume of 14,000 cubic meters in response to a 25-yr recurrence storm. Two fan structures, which may be alluvial or debris-flow deposits also are shown on figure 3. Figure 4 shows a reach of Goose Creek upstream from Lake Humphreys (plates 1-3) that contains erosion source areas for the fan deposits at the mouths of small tributary drainages. Figure 5 shows several fan deposits at the mouths of various watersheds between the mouths of Texas and Workman Creeks. Again, there is no direct evidence that wildfire was involved in the events that created these fan deposits.
One of the sites visited in the field was at Hope Creek (figs. 6-10), located about 3 miles east of U.S. Highway 160 where the forest road crosses Hope Creek. Figures 6-8 show evidence of debris-flow or alluvial deposits along Hope Creek including a fan structure and levees along the stream. Figure 9 shows erosion on a side-slope along Hope Creek that occurred in response to summer rains in 2013 after the West Fork Complex wildfire. Figure 10 shows the culvert at the forest road crossing Hope Creek. Culverts and bridges may become blocked during high streamflows and could back up water and cause failure of road embankments. The next drainage basin to the north is Lake Creek; figure 11 shows a debris-flow or alluvial fan cut by U.S. Highway 160 at the mouth at South Fork Rio Grande ( fig. 1,  plates 1-3) .
Squaw Creek and Little Squaw Creek flow into the Rio Grande just downstream from Rio Grande Reservoir near Creede, Colorado. During a site visit to the mouth of Little Squaw Creek at the Rio Grande ( fig. 1, plates 1-3) , evidence of a large debris-flow or alluvial fan was identified ( fig. 2 ). Unsorted deposits with large cobbles, boulders, and deformed trees on the surface of the fan are shown in figures 12-15 and small erosion channels were observed throughout the burned and unburned watershed in the study area. Figures 16 and 17 (location in fig. 1 ) provide examples of these channels along the Rio Grande downstream for a few miles below Rio Grande Reservoir (plates 1-3). The narrow channels with small drainage areas on steep slopes above the Rio Grande may be affected by avalanches, dry ravel, alluvial (water dominated) erosion, and debris-flow processes ( fig. 16 ). The channels, while apparently active, do not contain large accumulations of debris or significant fans.
Goose Creek is a large basin that drains north to the Rio Grande near Wagon Wheel Gap and was partially burned in the West Fork Fire Complex ( figs. 1 and 4, plates 1-3) . The upper part of the drainage basin was burned, particularly the area upstream from Lake Humphreys ( fig. 18 ), a reservoir formed by a large concrete arch dam with hydropower generation capacity ( fig. 19) . Figure 18 shows an alluvial fan at the Goose Creek inlet to Lake Humphreys ( fig. 1) . The burned slope in the background (top right) is basin 32 (debris-flow probability of 30 percent and debris-flow volume of 8,700 cubic meters in response to the 25-year storm), which could flow into the inlet area if triggered. Figure 19 is a photograph of the siphon for hydropower generation at Lake Humphreys that would likely be affected by floating debris flowing into the lake from upper Goose Creek.
Use and Limitations of the Maps
This assessment provides estimates of debris-flow probability and volume for drainage basins burned by the West Fork Fire Complex in response to three design storms based on predictive models developed from data from burned areas throughout the western United States. Larger, less-frequent storms are more likely to produce much larger debris flows. Because individual storms may not affect the entire area at any given time, debris flows may not be produced from all basins during storms. The estimates are most significant in the 3 years following the wildfire (Susan Cannon, U.S. Geological Survey, written commun., 2010).
Plates 1-3 may be used to prioritize areas where emergency-flood warnings or erosion mitigation may be needed prior to rainstorms within these basins, their outlets, or areas downstream from these basins. This assessment evaluates only potential postwildfire debris flows (Cannon and others, 2007) . Substantial hazards from flash floods without debris flow may persist for many years after a fire.
This work is preliminary and is subject to revision and is being provided because of the need for timely "best science" information. The assessment is provided on the condition that neither the U.S. Geological Survey nor the United States Government may be held liable for any damages resulting from the authorized or unauthorized use of the assessment. 
